Abstract-A novel design concept of piezoelectric actuators producing large displacement while transmitting a significant amount of energy is presented. A rolling-contact buckling mechanism with a novel preload mechanism can amplify the PZT stack's displacement on the order of 100 times while transmitting several times larger work output than conventional flexure-type displacement amplification mechanisms. Existing displacement amplification mechanisms are analyzed in terms of transmissibility and are characterized with two lumped-parameter elements: serial and parallel compliances. The maximum transmissibility is attained when the parallel stiffness and the serial compliance are zero. An existing flexure mechanism using structural buckling, that produces a large displacement but a low transmissibility, is replaced by a rolling-contact mechanism that approaches the maximum criterion. Furthermore, a mechanism is presented to apply a constant preload to each PZT stack despite their movement. A prototype has been built to implement the design concept and verify the theoretical results. Experiments using the prototype demonstrate that it produces a 4.2 mm free displacement with over 60% transmissibility.
I. INTRODUCTION

C
APACITIVE actuators, such as piezoelectric actuators, consume virtually no energy for generating a force while maintaining a constant position. In contrast, electromagnetic actuators consume energy whenever a torque is generated. The current drawn to the electromagnetic actuator not only con- Fig. 1 . Experimental data of joint torque and joint speed when a manipulator robot was performing a manufacturing job. Over 80% of the time, the actuator driving the elbow joint was bearing piecewise constant loads.
sumes a substantial amount of energy, but also generates heat that often must be removed with a bulky heat sink or a forced cooling system. Grounded robots must bear substantial gravity loads and other noninertial loads for a long period of time. Fig. 1 shows experimental data of an elbow's torque and speed when a robot performed a sequence of tasks, which includes holding a hand drill and making a hole on a workpiece [1] . From the data, we find that over 80% of the time the actuator has to bear a nearly constant load at a stationary position. For the rest of the time, it has to move at a given speed, while exerting a certain torque. Although the torque-speed data varies depending on the task, it is noticeable that a significant length of the time is spent maintaining a nearly constant torque with virtually no motion. During these periods of time the robot is not idle; the drilling task is being performed, and a workpiece is being held firmly. Electromagnetic actuators, which dominate today's robotic applications, are clearly not advantageous since they need an electric current to generate these torques. This fact motivated the present work toward PZT actuators. By eliminating energy consumption for bearing nearly constant torque loads, we can significantly improve the actuators' energy efficiency.
On top of the salient potential feature, piezoelectric materials, such as Lead Zirconate Titanate (PZT), have several competitive properties including efficiency and power density, when compared with other smart materials. However, there are a few critical drawbacks that limit the applicability of PZT to broad robotic systems. The most serious drawback is the fact that PZT stacks produce an extremely small strain, on the order of 0.1% [2] . Extracting useful energy from it requires some form of mechanism. Ultrasonic motors, for example, use a friction-drive mechanism to extend tiny cyclic movements into large displacements [3] . Ultrasonic motors are effective in producing precision positioning under limited force applications. Despite successful applications to specific devices and systems, the friction drive mechanism entails tight control of contacting surfaces, which is often difficult. Ultrasonic motors are primarily positioning actuators and are unable to control force, which is a crucial feature in robotic applications [4] .
Another type of mechanism used for transmitting the output of the PZT stack to a mechanical load is through externally leveraged displacement amplification mechanisms [4] , [5] . Flexures are the most prevailing means to amplify the tiny motion of PZT devices, such as bridge-type mechanisms in macroscale [6] or MEMS scale [7] , the "Cymbal" design [8] , or in stage motion mechanisms [9] . Beyond flexures, there are several mechanisms that rely on a similar geometric setup including the "XFrame" [10] and the "V-Stack" [11] . These externally leveraged mechanisms can amplify displacement on the order 10 times. To increase the amplification gain, multistage amplification has been adopted [12] , [13] . The nested rhombus mechanism, for example, can produce over 80 times larger displacement in two stages.
One critical issue of those flexure mechanisms is that the net output work transmitted through the flexure is substantially lower than the potential work output that PZT actuators can produce. Due to the compliance at the flexure, the force generated by a PZT stack does not reach its expected value. Also reducing the output work is stiffness at the flexure joints; the output displacement of a PZT stack is significantly lower than its maximum, i.e., free displacement. There is a significant design tradeoff when considering the flexure stiffness. The mechanism must be stiff enough to maintain the force transmitted, but not so stiff such that it restricts the output displacement [6] , [8] , [11] . Due to these conflicting requirements, the single-stage amplification gain is only on the order of 10, while reducing the possible output energy by a factor of a half. Although the multistage mechanisms can produce a higher amplification gain, the transmitted energy is reduced further. These properties of flexures substantially reduce the energy transmissibility of displacement amplification mechanisms.
The goal of this study is to develop a PZT actuator mechanism that: 1) produces a large displacement amplification gain on the order of 100, and 2) effectively transduces a large output work close to its theoretical limit. In the following, the theoretical limit of a PZT output work and a derivation of the conditions for generating the maximum output energy is addressed. Second, a novel flexure-free displacement amplification mechanism exploiting structural buckling that closely meets the conditions for generating the maximum output energy will be presented. No flexure is used; all components make rolling contacts and the contact forces do not rely on friction. Furthermore, a novel preload technique that applies an approximately constant preload to PZT stacks will be presented in order to double the output work. The new mechanism is implemented and the theoretical results are verified through experiments using a prototype device. An early version of the work has been published in a conference proceeding paper [14] . Complete analysis, including energy transmissibility and preload compensation springs (PCSs), as well as design, implementation, and experimental details of the rolling contact amplification mechanism are presented in the following sections.
II. THEORETICAL ANALYSIS
Consider a force-displacement plane, as shown in Fig. 2 . Suppose that the actuator follows one cycle of a trajectory within this plane. The work produced by the actuator is given by the closed loop integral within the force-displacement plane
Maximizing this work output we can fully exploit the potential of a PZT stack. For simplicity, assume a linear forcedisplacement property, as shown in Fig. 2(a) . For a given maximum voltage to apply, the maximum work output is determined Fig. 3 . Schematic of the mechanism compliance in between the PZT stack and the output load, shown as (a) an icon model consisting of a displacement amplification transformer, a parallel spring, a serial spring, and a PZT having its own stiffness and (b) a flexure mechanism as an example of parallel and serial compliance.
by the area of the triangle connecting the origin O, the blocking force, F block at point A, and the free displacement, z free at point B, if the PZT stack can only be loaded under a compressive force F ≥ 0.
In reality, however, the net usable work output is by far smaller than this theoretical limit. In particular, when a flexure mechanism is used for amplifying the displacement, the flexure reduces the structural stiffness, while impeding the movement of the PZT stack. In general, the static characteristics of such displacement amplification mechanisms can be represented by a simple icon model, as shown in Fig. 3(a) . The main functionality of the mechanism is displacement amplification, which is modeled as an ideal transformer TF. The functional relationship between input displacement ξ and output displacement y determines the amplification gain. The displacement ξ, however, is smaller than the one produced by the PZT stack due to the compliance of the amplification mechanism. The compliant elements distributed across the mechanical structure can be lumped in to two springs: one serial spring with stiffness k s and one parallel spring with stiffness k p , as shown in Fig. 3(a) . The PZT stack itself contains stiffness k PZT . For the purposes of this comparison analysis, the hysteresis of the PZT stack is ignored as it is a common factor among all PZT stack actuators [15] . Due to the flexure, the PZT stack has to cope with the additional stiffness k p that impedes the PZT expansion. Therefore, instead of generating the full free displacement, the displacement at the input port of the transformer ξ, shown in Fig. 3(a) , becomes restricted, as shown by pointB in Fig. 2(a) [15] . Furthermore, the flexure inevitably exhibits compliance at the joints (narrow slots), as shown in Fig. 3(b) , which results in a reduced stiffness in the direction of the output movement. Collectively, these compliance elements can be represented by a serial spring with stiffness k s between the PZT and the transformer, as shown in Fig. 3(a) . Due to this serial compliance, the PZT force transmitted to the transformer cannot reach the highest point, i.e., the blocking force. The PZT force ends up with a lower level, e.g., pointÃ in Fig. 2(a) . Overall the work output is reduced, as indicated by the shrunken area of triangle OÃB compared with OAB. From this analysis, we can conclude that the ideal displacement amplification mechanism must have an infinitely large serial stiffness and zero parallel stiffness: k s → ∞, k p = 0. We can approach these conditions by using a nonflexure type novel design of a buckling displacement amplification mechanism, as described in the following section.
The above maximum work output considers the case where the PZT stack can only be loaded in compression F ≥ 0. If a negative output force is allowed, the overall work transmitted can be increased. This is achievable with use of a preload mechanism that provides a bias force so that the output force vary in both directions. Suppose that a preload as large as the maximum blocking force is applied. By shifting the origin from point O to point O in Fig. 2(b) , we can redraw the force-displacement plane that is expanded to both directions. The theoretical maximum work output is then doubled compared with before. Note, however, that this analysis is only valid for when the preload is kept constant at a magnitude of at least the blocking force F block despite the PZT stack's displacement. If the preload varies (typically increasing in relation to the output displacement), it can effectively be modeled as an additional parallel stiffness, and hence it would reduce the output work.
The area of the parallelogram O A B C in Fig. 2 (b) is given by W out = F block × z free . Similar to before, this output work can be reduced due to the compliance of the structure. The force is reduced from points A and C to pointsĀ andC and the displacement is reduced from point B to pointB. This reduction in output work can be characterized with a single metric: transmissibility. Transmissibility is defined as the work output of one cycle of actuation normalized by a characteristic energy of the PZT stack W PZT = F block × z free . If k s and k p are the stiffness of the serial and parallel springs, respectively, normalized by the PZT stiffness, then the transmissibility, η, can be described as the following:
Note that the ideal transformer does not affect the transmissibility, since it is a kinematic component, neither storing nor dissipating energy. Therefore, the above expression gives the transmissibility at the output y. This transmissibility reinforces the previous conclusion that if k p = 0 and k s → ∞, the transmissibility η approaches 1. The derivation of (2) is shown in Appendix A.
III. FLEXURE-FREE BUCKLING DISPLACEMENT AMPLIFICATION WITH PRELOAD COMPENSATION
A. Flexure-Free Buckling Mechanism
Our goal is to develop a new amplification mechanism that 1) amplifies displacement on the order of 100 times and 2) achieves a high-energy transmissibility simultaneously. The authors' group has developed a nonlinear displacement amplification scheme utilizing buckling phenomena [16] . Buckling is a prominent nonlinear phenomenon of structure mechanics, which is an unwanted behavior in most applications. However, buckling can produce an order-of-magnitude larger displacement amplification near the singular point. As shown in Fig. 4 , a pair of PZT stacks is placed between two rigid walls. The two PZT stacks are connected in the middle to an element denoted the output node. As a voltage is applied to both PZT stacks, they tend to expand and buckle in one direction perpendicular to their initial alignment. This displacement in the perpendicular direction is typically two orders-of-magnitude larger than the displacement created by the PZT stacks. Furthermore, the buckling mechanism can produce motion on both sides of the singular point, i.e., bipolar motion, with proper mechanisms as detailed in [17] , thus doubling the stroke. Our prototype has demonstrated over 100 time larger displacement than that of the PZT stacks. Note that this triple-digit amplification is achieved with a single-stage amplification mechanism.
We propose an innovative flexure-free buckling mechanism that meets all the requirements for achieving the nearly maximum work output as well as large displacement amplification on the order of 100 [14] . To achieve the zero parallel stiffness and the large serial stiffness at the same time, we eliminate the use of flexure from the displacement amplification mechanism. Instead, we have constructed a buckling mechanism satisfying the following conditions. 1) All the components make only rolling contact. 2) They do not slide or slip with respect to each other.
3) The quasi-static contact forces act only in the direction normal to the contacting surfaces. The last condition above implies that no friction acts at the contact point in statics. Fig. 5 shows the schematic of a mechanism that meets the above conditions. The output node is a center block with two symmetric circular surfaces. Both ends of each PZT stack have a cap with a circular surface of radius r, while the contacting surfaces on the base as well as at the output node are also circular with the same radius R [see Fig. 5(a) ]. The characteristic radius Γ is the ratio of the base/output node radius R to the PZT cap radius r. The output node in the middle is constrained such that it can only move linearly in the vertical direction. Suppose that the two PZT stacks are perfectly aligned to the centerline when no voltage is applied [see Fig. 5(a) ]. As a high voltage is applied to both PZT stacks at this configuration, they expand simultaneously a distance ξ, causing the mechanism to undergo a buckling phenomenon and the output node displaces a distance y in a vertical direction as depicted in Fig. 5(b) . See the supplementary animation video for a demonstration.
Assuming no slip at all the four contacting points, we can find the amplification gain of the ideal transformer. Namely, the ratio of the output displacement to the input displacement ξ can , where Δy p −p is the bipolar peak-to-peak output displacement, ξ m ax is the maximum PZT displacement, R is the radius of the base/output node profile, and r is the radius of the caps for an initial cap center distance h = 0 and a given radial strain . The radial strain is defined as ≡ ξ m a x r .
be approximated to
where h is the distance between points A and B in Fig. 5(a) . See Appendix B for the derivation of (3). We can attain an amplification gain of 100 with practically acceptable values Fig. 7 . Reduced model of the PZT stack due to the compliance of the amplification mechanism with an effective force source and PZT stiffness F eff and k eff , respectively. The output of the effective PZT stack is input to the nonlinear transformer that provides the amplification to the overall output load F y and displacement y.
for R and r (see Fig. 6 ). A characteristic radius of Γ = 1, for example, produces an amplification of 96. As a force acts at the output node in the Y -direction, internal forces are generated at the four contacting points, two of which are labeled as C and D in Fig. 5(b) and (c). An interesting feature of this mechanism is that friction forces vanish at the contacting points if the distance h is zero: h = 0. If the distance h is not zero, as illustrated in Fig. 5(c) , line CD is not aligned with the normal of the contacting surfaces, shown as dotted lines. Since the contact force f c acts in the direction of CD, it produces a component in the tangential direction. This means that a static frictional force with magnitude sin μf c acts at both points C and D. In contrast, if both circular surfaces of each cap are concentric, i.e., h = 0, the contacting forces are collinear with line CD in Fig. 5(b) , and therefore, no tangential component, i.e., no friction force, is induced. Thus, in order for the mechanism to satisfy all of the functional requirements described above, the caps must be concentric, h = 0. Note that due to the contact force f c even a small nonzero displacement h can cause a large frictional force, leading to a significant reduction of the output performance.
Unless disturbed otherwise, the PZT stacks and the output node may not slide relative to each other, because of the absence of forces in the tangential direction. Since all the contacts are rolling contacts, and no force impedes the motion, the parallel stiffness is zero: k p = 0. The circular rolling contact may have a much higher stiffness than that of flexures. In flexure design, there is a tradeoff between the serial and parallel stiffness; a thicker flexure joint yields a stiffer serial spring at a cost of a higher parallel spring stiffness. There is no equivalent conflicting requirement for the rolling contact buckling mechanism. If the parallel stiffness is removed, the transmissibility given by (2) reduces to
In general, the model shown in Fig. 3(a) can be reduced to an effective force source and spring in parallel, as shown in Fig. 7 . This reduced model is used in the derivation of the amplification mechanism in previous publications [17] , [20] . The effective force and stiffness F eff and k eff , respectively, are derived as follows: Note that when k p = 0, as is the situation described above, F eff → ηF in and k eff → ηk pzt . Therefore, the transmissibility not only describes the relationship between the actual work output compared with the ideal scenario, but also linearly scales the force output and stiffness when the parallel stiffness vanishes, k p = 0.
B. Preload
The theoretical maximum output work given by W out = F block × z free is attained when the PZT stack can produce both positive (compressive) and negative (tensile) force. This is achieved with a preload, which can double the theoretical maximum work output provided that the magnitude of the preload is greater than or equal to the blocking force of the PZT stack. Note, however, that this theoretical limit is achieved when the preload is kept constant at a magnitude equal to or higher than the blocking force throughout the displacement of the PZT stack. Fig. 8 shows a preliminary experiment apparatus for verifying the theoretical limit of work output. A shape-memory alloy (SMA) wire was wound around the PZT stack for preloading the stack. To maintain the constant preload despite the extension of the PZT stack, the stiffness of the wire must be close to zero. Exploiting the super-elasticity of SMA, we have satisfied this constant preload condition. By holding the PZT stack between two rigid structures, the force-displacement trajectory of the preloaded PZT stack has produced nearly the maximum work output.
Preloading the PZT stack utilizing SMA wires is complex and costly. This can be effectively replaced by a simple spring mechanism by exploiting the buckling mechanism. Fig. 9 shows a mechanism for applying a preload. One wall of the buckling mechanism is pushed inward to apply a preload larger than or equal to the blocking force, while holding the voltage at 0 V. As the preload is applied, an instability is caused at the singular configuration, pushing the output node in either vertical direction. As a result, the preload is hardly kept constant as the output node departs the singular position. This problem can be solved effectively by using a simple spring placed at the output node that can apply a constant preload for a broad range of output displacement y. The spring is termed preload compensation springs (PCS). We first consider the necessary condition for the preload force F z preload to be constant in the direction of z-axis. As shown in Fig. 10 , the two preload forces acting from both sides of the PZT stacks create a force in the Y -direction at the output node
where ϕ is the angle between the horizontal centerline and the line connecting the two contacting points, as shown in Fig. 10 . Assuming that the two circles of the cap surface are concentric, h = 0, and that the PZT stack displacement is small, ξ L 1, the direction of the preload force satisfies the following relationship with y:
where L = 2(R + r). Substituting (8) into (7), we find that the preload forces in the Y -and z-directions must satisfy the following functional relationship with output displacement y: Note that the preload force F z preload must be kept constant, which means that the factors other than the output displacement y in (9) are constant. Replacing the constant factors in (9) with a spring constant
Equation (9) reduces to
This implies that a spring of stiffness k PCS placed between the output node and the center line can generate a constant preload in the z-direction for an arbitrary output displacement y as long as , the singular point at the center becomes a neutrally stable point when the PZT stacks are held at 0 V. This can be explained graphically in Fig. 9(b) . The broken line shows the force-displacement characteristics at the output node when the preload alone is applied. Note that the singular point is an unstable equilibrium with the preload alone. In Fig. 9(b) , the PCS with the matched spring constant is represented by the straight dash-dot line whose slope has the same magnitude as the unstable slope at the singularity but the opposite sign. Superimposing the two forces generated by the PCS (the straight line) and the preloaded buckling mechanism (the broken line), we find that the singular point is neutrally stable, as shown by the solid curve. Note that the voltage is kept zero in this diagram. As the output node deviates further, the force created by the PCS dominates, creating a large negative force, as shown by the solid curve.
The above argument is based on the approximation of the sine and tangent functions given by (8) . As the displacement of the output node extends, this approximation may cause some error. As shown in Fig. 11 , the PZT stack's motion is more complex for a large displacement; it rotates as well as expands. The following analysis using a potential function provides a rigorous argument, and shows that the error of the PCS is negligibly small for a wide range of output node displacement y.
The PCS is connected between point E, shown in Fig. 11 , and ground such that the potential energy U s stored in the spring is equal to U s = 1 2 k PCS y 2 . Also note that the angle of the PZT α is directly related to the displacement angle ϕ provided the two surfaces do not slip with respect to each other α = (1 + Γ)ϕ. Where Γ, the characteristic radius, is the ratio of the base radius R to the cap radius r: Γ ≡ R r . The equivalent force F z eq is defined as the force from the PCS along the direction of the PZT stack. This force can be determined by differentiating the potential energy U s with respect to the displacement ξ. Note that due to the complex geometry it is not trivial to put the output displacement y in terms of the displacement ξ. Therefore instead, the displacement angle ϕ is used as an intermediate variable
By using the chain rule F z eq is given by 
Over a wide range of characteristic radii, including the characteristic radius used in the implementation described below, the deviation of the preload from its initial value is less than 0.1% over the full range of the buckling amplification mechanism. Considering a preload on the order of the blocking force of the PZT stack, this corresponds to a normalized parallel stiffness, k p on the order of 0.001. Therefore, the complex, bulky, and costly SMA wires can be eliminated. The simple spring can approximate the required restoring force accurately. This result is independent of the specific PZT stack properties, provided that the maximum strain is on the order of 0.1%.
IV. IMPLEMENTATION
The design concept of the flexure-free rolling-contact buckling mechanism has been implemented on the prototype test bed shown in Fig. 12 . Table I summarizes the major specifications of the prototype. The prototype consists of a pair of PZT stacks encased by end caps in contact with the output node and a pair of base blocks, all of these elements are aligned with the horizontal centerline at rest. A preload adjustment mechanism with load cells is attached at each end. After adjusting the preload, the base blocks are secured with the clamps shown in the figure. There are a few technical issues critical to successful implementation.
1) The output node must be kept upright and aligned with the Y -axis at all times: no rotation, translation, or slip is allowed except for translation in the Y -direction, i.e., the output axis. 2) Tuned PCSs must be attached to the output node. 3) The structural stiffness that determines the serial stiffness k s must be substantially higher than that of the PZT stacks. Fig. 13 shows the frame of the prototype test bed made of steel. Two sets of the slotted beam structure, ABCD and A B C D , having a tuned stiffness along the Y -axis, serve as the PCS. As point C is pushed away from point A, the beams are deformed to a rhombus-like shape: the restoring force versus y displacement gives the spring constant. A rod attached to the output node is inserted into a couple of holes at A and A , and is fixed to C and C . This PCS mechanism plays dual roles. One is to constrain the output node so that it may not rotate about the X-, Y -, and Z-axes as well as restrict translation in the directions perpendicular to the Y -axis. The other is to provide the tuned spring constant so that the middle position (y = 0) is neutrally stable, as discussed in the previous section.
To prevent the caps from slipping relative to the output node and base, a slip prevention mechanism has been devised by using a gear tooth meshed with a tight slot. As shown in Fig. 14 , any slip in the u-direction between the cap and the ground block may be prevented by a tooth on the ground block inserted into a slot of the cap. Note that the large PZT force does not act on the gear tooth in the v-direction, since the PZT force is borne at the rolling contact area. A small gap between the tooth and the slot relieves the large PZT force. As the cap tends to slip in the u-direction relative to the ground block, the tooth may contact the wall of the slot to prevent further slipping. A pair of the slip prevention mechanisms (i.e., gear teeth) are stationed at both upper and bottom surfaces of each cap and base so that a rotational misalignment about the v-axis in the figure is prevented as well.
The most critical factor that determines the transmissibility is the serial stiffness. According to (4), the serial stiffness must be twice larger than that of the PZT stack in order to attain 60% of transmissibility, and four times larger stiffness for 80% of transmissibility. The most significant cause of compliance is the rolling contact couple shown in Fig. 16 . There are four such rolling contacts involved in this displacement amplification mechanism. Fig. 15 plots the stiffness of each rolling contact couple normalized by the PZT stack stiffness computed based on the Hertz contact theory [18] for different contact forces normalized by the PZT stack's blocking force. The solid line is the normalized stiffness when the contacting couple makes a line contact, as illustrated in Fig. 14 . Although the highest stiffness is obtained, the line contact between a pair of cylindrical surfaces has two drawbacks. One is that the stiffness significantly reduces as the pair of cylindrical surfaces rotates relative to each other. For example, if the cap in Fig. 14 rotates about the v-axis , the line contact immediately changes to a point contact. This causes a significant reduction of the contact stiffness, as shown by the dotted line in Fig. 15 . Another drawback is the stress concentration that may occur near the edges of the contacting line if the two blocks rotate about the u-axis in Fig. 14 . To overcome these problems the caps, the base, and the output node are crowned, such that there is an allowable misalignment (see Fig. 16 ). With crowned surfaces the contact stiffness reduces, as shown in Fig. 15 . However, the crowned surfaces have a considerably lower sensitivity to misalignment; less than 5% of reduction is observed for a misalignment of 0.1 radian about the v-axis.
Due to the sensitivity to misalignment and the small displacements associated with the PZT stack, the tolerances of most of the mechanical components within the mechanism are small. Assembly of the mechanism typically requires the ability to adjust several parameters such as the preload displacement/force, the rest length of the PCS and rotation of the PZT stack-cap assembly. These adjustments are shown in greater detail in the attached multimedia.
V. EXPERIMENTAL RESULTS
The prototype PZT actuator with the flexure-free buckling displacement amplification mechanism and the PCSs has been tested experimentally. The modeled serial stiffness is 160 kN mm , which is just below twice the PZT stacks stiffness, k PZT = 86 kN mm . Fig. 17 shows the experiment of output force-displacement characteristics: F y versus y. A displacement source was aligned in series with a load cell and connected to the output node, allowing for simultaneous measurement of both states. The circles represent the curve when the maximum voltage 150 V was applied, while the crosses are for 0 V. While the maximum voltage is applied, the prototype actuator produced a free displacement of 2.1 mm in either direction with a total net displacement of 4.2 mm due to the bidirectionality and an overall amplification gain of 81. The maximum force was 48 N when the PZT stacks were activated, while a maximum restoring force of 82 N was recorded when the PZT was deactivated, producing 130 N of peak-to-peak maximum force.
A. Discussion
We can evaluate the work output and transmissibility of the prototype PZT buckling actuator based on the output force and displacement data. We can find from the two curves in the forcedisplacement plane that one cycle of activation and deactivation produces 254 mJ of work output, which corresponds to a transmissibility of 61%. This agrees closely with the analytic estimate of 65%. As analyzed previously, the transmissibility does not depend on the transformer, i.e., the kinematic relationship of displacement amplification. This implies that the work output can be obtained by computing the area covered by one cycle of actuator operation in the output force-displacement plane, i.e., the F y − y plane. The experimental result of work output 254 mJ was obtained from the area between the two curves in the figure.
The major design parameter that controls the output performance for a given PZT stack and maintaining the constraint h = 0 is the characteristic radius Γ. Increasing Γ too much has two major adverse consequences. First, the nonlinear PCS stiffness with respect to the PZT stack displacement will become nonnegligible. Second, with larger rotations, i.e., a larger output displacement, the shear force on PZT stack can become non- Fig. 18 . This plot compares the force-displacement trajectory for the buckling actuator with two separate values of h: h = 0 and h = 4 mm. When the caps are not concentric, i.e., h = 0, the combination of the frictional force and the preload limit the overall displacement and greatly limit the output work, hence the reduction in transmissibility from 61% to 25%.
negligible. PZT stack actuators are particularly susceptible to failure via shear forces due to the layered structure. Aside from the characteristic radius, the preload needs to be at least the blocking force, but increasing it further only provides a minimal benefit to the contact stiffness and can cause damage to the PZT stack.
It is important to ensure that the circular surfaces of the caps at both sides of each PZT stack are concentric, h = 0. If the concentric condition is violated, frictional forces arise at the rolling contact interfaces, as discussed previously. The frictional force can be significantly large due to the large initial preload, which reduces the net output force and, subsequently, the displacement would reduce. Fig. 18 also shows the experiment of output force-displacement when the two circles are separated by 4 mm, i.e., h = 4 mm. Note that both free displacement and maximum force reduced significantly, to the point that the output work reduced to 104 mJ, and the transmissibility reduced to 25%.
VI. CONCLUSION AND FUTURE WORK
A new rolling contact buckling mechanism has been presented to take advantage of the capacitive nature of PZT stack actuators. Whereas most displacement amplification designs rely on flexures and a nested architecture to provide large amplification ratios, the rolling contact mechanism was able to create an amplified displacement of two orders of magnitude while maintaining a transmissibility of over 60% within a single stage. This was achieved by 1) increasing serial stiffness and removing parallel stiffness by replacing a flexure joint with a rolling contact joint; 2) removing friction from the contact surfaces by making center of the cylindrical cap profiles concentric, allowing the contact forces to be borne solely by normal components; 3) expanding the work cycle by preloading the PZT stacks; 4) maintaining a constant preload using a PCS that applies a constant preloading force to the longitudinal direction of each PZT stack while causing no increase in parallel stiffness. Considering future design improvements, the structure of the buckling mechanism can be made much more compact and lightweight. The prototype built was an experimental testbed equipped with many instruments, which are unnecessary. The frame can be made of a lighter material, such as carbon fiber reinforced plastic, that can provide the high stiffness necessary to produce the high transmissibility. Furthermore, the PCS could be significantly reduced in size, provided that the direction of the output displacement can still be sufficiently constrained.
This mechanism can be used directly for applications where a significant holding force must be generated efficiently for long periods of time, while the required stroke of motion is limited. These include valves, clutches, and brakes [19] . Replacing traditional solenoids and electromagnetic actuators with the PZT buckling actuators will significantly reduce energy consumption and heat generation. Furthermore, the PZT buckling actuators can be used for applications needing a long stroke of motion, or infinite rotation, with an additional mechanism. The authors' group is currently developing a long-stroke linear actuator consisting of a half dozen of PZT buckling actuators engaged with a gear rod. The large displacement on the order of a few millimeters created by each PZT buckling actuator allows for pushing the gear teeth and transmitting a force directly to the rod [20] . Compared with traditional ultrasonic motors, which relies on the frictional torque transmission, the rolling contact PZT buckling actuator can directly apply the force to the direction of the load, yielding reliable actuation appropriate for heavy-duty applications.
APPENDIX A DERIVATION OF THE MECHANISM TRANSMISSIBILITY
In order to derive the work output by the PZT stack within an amplification mechanism, the trajectory must be determined using several parameters: the stiffness, free displacement, and blocking force of the PZT stack, k PZT , z free , and F block , respectively, and the serial and parallel stiffness associated with the mechanism k s and k p , respectively. The trajectory, shown in Fig. 19 , can then be integrated to find the overall work output via (1) . Given the points shown in Fig. 19 , the total work output is
. (14) Recognizing that the ideal work output of the PZT stack is W PZT = F block × z free , and the definition of transmissibility is η ≡ W o u t W P Z T , the transmissibility can be expressed as
By substituting k s = k s × k PZT and k p = k p × k PZT into (15), it becomes (2). Fig. 19 . Force-displacement trajectory c of a PZT stack with stiffness, blocking force, and free displacement of k P Z T , F b lo ck , and z free , respectively, within a mechanism with a serial and parallel stiffness, k s and k p , respectively. 
APPENDIX B DERIVATION OF THE AMPLIFICATION GAIN
The overall output displacement can be broken down into three separate sections, highlighted in Fig. 20 . Two symmetric sections associated with the cylindrical profiles rolling along one another, y 1 and y 3 , and a middle section associated with the rotation of the PZT stack y 2 . Therefore, the displacement of the output can be described as y = y 1 + y 2 + y 3 (16) y 1 = y 3 = (R + r) sin ϕ (17)
There are two constraints associated with the problem. First, it is assumed that there is a no slip rolling condition at the contact points, which yields α = (1 + Γ)ϕ. The second constraint is that the output node does not translate in the horizontal direction and therefore the horizontal distance is constant throughout the motion of the output, which leads to the following equation: 
Using a second-order approximation for the trigonometric functions, i.e., sin ϕ ≈ ϕ and cos ϕ ≈ 1 − 
Recognizing that (Γ + 1)r = R + r, it is trivial to show that (3) is the same as (22).
